To identify the potential RNA inhibitors of HCV polymerase, we have isolated high-affinity RNA ligands specific to hepatitis C virus (HCV) NS5B protein from a combinatorial RNA library using the Systematic Evolution of Ligands by EXponential enrichment (SELEX) procedure. Thirty-seven selected ligands were classified into eight groups on the basis of their sequence homologies. Most (60%) of the ligands carry the conserved YGUAGR hexamer (Y ϭ pyrimidine, R ϭ purine) at the 5Ј end of the 40-nt randomized region, and 74% of the ligands end in (A/C)U at the 3Јend. However, strong binding to NS5B required the whole RNA ligand including the flanking conserved nucleotides at both ends. The binding of the selected ligands to NS5B is highly specific and strong, as reflected in their low dissociation rate constants (k d ϳ 10 Ϫ4 s Ϫ1 ). Analysis of secondary structure by computer program and RNase footprints of the two different aptamers from two most conserved groups revealed RNA structures containing three stem loops with internal bulges. NS5B bound these RNA at a region between the two stem loops from the 5Ј -end. Some of these RNA aptamers could serve as a template for the HCV polymerase, but some interfered with the activity of the viral enzyme. These RNA ligands will be useful for further characterization of NS5B-binding properties and, with further modifications, may have potential therapeutic value.
Introduction
Hepatitis C virus (HCV) is a major human pathogen afflicting nearly 1-2% of the world population, causing both acute and chronic hepatitis, which often leads to liver cirrhosis and hepatocellular carcinoma. HCV is a member of the Flaviviridae family and possesses a (ϩ)-strand RNA genome of about 9.5 kb in length that contains a single open reading frame (ORF) encoding a polyprotein of ϳ3000 amino acids (De Francesco, 1999; Grakoui et al., 1993) . The viral polyprotein is processed by cellular and viral proteases into 10 structural and nonstructural proteins (De Francesco, 1999; Grakoui et al., 1993) . Among these, NS5B is a 66-kDa membrane-associated viral nonstructural protein (Hwang et al., 1997; Schmidt-Mende et al., 2001) , derived from the C-terminal end of the polyprotein. NS5B was initially identified as an RNA-dependent RNA polymerase (RdRp) by the presence of the hallmark GDD sequence, a motif involved in binding the Mg 2ϩ ions essential for all polymerase functions (Koonin, 1991; O'Reilly and Kao, 1998) . More direct evidence supporting NS5B RdRp enzymatic activity came from in vitro studies using purified recombinant NS5B expressed in insect and bacterial cells (Behrens et al., 1996; Lohmann et al., 1997; Oh et al., 1999) . Thus, NS5B is the key replicative enzyme of the HCV genetic material. X-ray crystallographic structure of NS5B reveals the canonical right-handed-like structure with domains representing fingers, palm, and thumb as seen in other polymerases (Bressanelli et al., 1999; Lesburg et al., 1999) . However, NS5B possesses two unusual features. One is the extensive interaction between the finger and thumb domains, resulting in the O structure rather than the U structure observed for other polymerases (Lesburg et al., 1999) . The only other known polymerase with this O-shaped architecture is the 6 viral RdRp (Butcher et al., 2001) . The other novel structural feature of NS5B is a ␤-hairpin motif protruding from the thumb domain toward the active site that locates at the base of the palm domain. This structure has been shown to modulate NS5B initiation site selection in RNA synthesis (Hong et al., 2001) .
Specific template recognition by replicase is one of the essential requirements for faithful genome replication. For most RNA viruses, the mechanisms of binding specificity of polymerases and the initiation of RNA synthesis remain poorly understood. HCV genomic RNA contains two highly conserved untranslated regions (UTRs) at its 5Ј and 3Ј ends. The 5ЈUTR of about 341 nt contains an internal ribosomal entry site (IRES), which consists of four stem-loop structures followed by a translational initiation codon (Brown et al., 1992; Wang et al., 1994) . The 3ЈUTR varies from 200 to 300 nt in length, which consists of three subregions, a short variable sequence of approximately 40 nt, a poly(U-U/C) sequence containing a variable poly(U) run and a polypyrimidine poly(U/C) tract, and a highly conserved 98-nt X region consisting of three stable stem-loops (Kolykhalov et al., 1996; Tanaka et al., 1996; Yamada et al., 1996) . Infectivity assays in chimpanzee have shown that the X region and the U-U/C-rich region are required for viral infectivity, indicating that these sequence elements contain important cis-acting signals for replication (Yanagi et al., 1999) .
Purified HCV NS5B has been shown to interact with the 3ЈUTR by binding to both the poly (U-U/C)-rich and the X regions (Oh et al., 2000) . UV cross-linking and competition studies by Cheng and co-workers, however, showed that NS5B binds with a higher affinity to a 3Ј-coding region of NS5B gene, which contains a stem-loop structure, than to the 3ЈUTR or the 5ЈUTR (Cheng et al., 1999) . With unstructured RNA, NS5B binds more tightly to poly(U) and poly(G) over poly(A) or poly(C) (Lohmann et al., 1997) . So far, NS5B by itself exhibits little binding specificity to the various RNA templates examined. Consistent with this observation, NS5B appears to carry out RNA synthesis using various structured and unstructured RNA from both HCV and non-HCV RNA sources (Hagedorn et al., 2000; Lohmann et al., 1998; Oh et al., 1999; Zhong et al., 2000) .
To gain an understanding of how NS5B interacts with RNA, we decided to examine the interaction and binding specificity of NS5B to certain RNA structures and identify the essential structural features of such RNA sites. To this end, we used the Systematic Evolution of Ligands by EXponential enrichment (SELEX) procedure to isolate highaffinity RNA ligands from a randomized RNA repertoire by HCV NS5B. In this article, we report the identification of several groups of RNAs to which NS5B binds tightly and selectively, and we demonstrate how this binding inhibits the ability of NS5B to carry out RNA synthesis on the natural HCV minimal RNA templates. A similar study was recently reported (Biroccio et al., 2002) ; however, the structural requirement of NS5B-RNA binding was significantly different. Thus, NS5B appears to have considerable latitude in its RNA-binding specificity. These SELEX RNAs will provide useful tools for studying the molecular mechanism of the interactions between NS5B and RNA.
Results

Rationale
The objective of these studies was to explore whether the HCV NS5B enzyme is capable of binding selectively to a particular RNA sequence or structure and to determine the essential features of such an RNA motif. To address these questions, we employed the SELEX method to screen for RNA structures that possess the optimized binding surfaces for NS5B from a large library of random RNA sequences. Successful isolation of high-affinity RNA molecules would provide useful templates for further binding and enzymatic characterization of NS5B, as well as potential therapeutic application if these RNAs inhibit NS5B RdRp activity. The SELEX cycle in these studies consisted of three major steps. First, NS5B was allowed to interact with a pool of randomized RNAs, and the bound RNAs were partitioned from the unbound RNA. Then, the recovered bound RNAs were converted by RT-PCR into DNA containing the bacteriophage T7 promoter. Finally, RNA was transcribed from the PCR DNA to give an amplified pool of a subset of RNAs for the next SELEX cycle.
A random RNA library in these studies was made as outlined in Fig. 1 . A pool of randomized DNA products was first prepared from a PCR reaction using three oligonucleotide primers, one of which (oligo 2a) contains a degenerate region of 40 nucleotides. The resulting PCR DNA consists of a bacteriophage T7 promoter fused to an 87-bp transcribed region. A library of RNA was then prepared by transcription under extensive synthesis condition using T7 RNA polymerase (Chamberlin et al., 1983) . The 87-nt SELEX RNA molecules comprises three regions, CR1, CR2, and VR. CR1 and CR2 (constant region) are 23 and 24 nt in length, respectively, and they flank the VR (variable region) of 40 nt. For optimal RNA synthesis, CR1 was designed to carry at its 5Ј end a 5-nt conserved initial transcribing sequence of the T7 promoter. CR2 contains a BamHI restriction site at the 3Ј end and a SphI restriction site at the 5Ј end. The BamHI site was to be used for subsequent cloning of the PCR product into a plasmid vector. For the purpose of future SELEX studies, the SphI site was introduced so that the constant CR2 sequence can be removed from the RNA library to generate different sequences at the 3Ј end. The choice of the sequences in both CR1 and CR2 was also based on their success as RT-PCR primers in an earlier SELEX study (K. Carroll, personal communication) . We arbitrarily chose to randomize a region of 40 nt in the VR; therefore, a library of 10 24 different RNA species would be required to represent all the possible sequence combinations. However, due to practical experimental constraint, a starting library of an estimated 10 12 RNA species was used in our SELEX procedure. Hence, only a very small fraction of the possible RNA sequences was tested.
Maximum enrichment of high-binding-affinity RNA reached at cycle 18 -20
To test for enrichment of high-affinity RNA, dissociation rate constants of NS5B-RNA complex were measured for bulk RNA from different SELEX cycles. We experimentally measured the dissociation rate constant, k d (Hinkle and Chamberlin, 1972a,b) . First, the NS5B protein and the 32 Plabeled SELEX RNAs were mixed and allowed to reach binding equilibrium. The reaction volume was then diluted 10-fold in the presence of 60-fold excess, by mass, of cold competitor poly(U) RNA (100 -200 nt). This mimicked an irreversible first-order dissociation kinetic since any dissociated NS5B was expected to be prevented from reassociating with the SELEX RNA by the excess poly(U). Indeed, in a control reaction in which the poly(U) was mixed with the SELEX RNA prior to addition of the NS5B enzyme, only background binding of SELEX RNA was noted (data not shown). Aliquots of the reaction were filtered through a nitrocellulose filter at various time points to separate the bound complexes from the unbound labeled RNA. The dissociation curves from various cycles of the SELEX procedure showed a gradual increase of T 50 with increasing numbers of cycle (Fig. 2) . T 50 reached a maximum at cycle 18 (data not shown); T 50 of cycle 18 and cycle 20 were essentially identical (T 50 of about 80 min corresponding to a k d of 1.4 ϫ 10 Ϫ4 s Ϫ1 ). The estimated rate constants of dissociation for the different rounds of SELEX are summarized in Table 1 . Based on the k d values, an estimate of 30-fold enrichment was obtained at the end of cycle 20. It is notable that in the early rounds of selection, the dissociation curve was biphasic, suggesting the presence of heterogeneous complexes of different stabilities. The fact that a fairly high number of SELEX rounds resulted in only a modest improvement in affinity (ϳ30-fold) suggests a high degree of nonspecific RNA binding by HCV NS5B.
Sequences of the enriched RNA aptamers
Individual clones from the SELEX cycle 20 were isolated and sequenced. Thirty-seven reliable sequences were arranged into eight groups, A-H, by the ClustalW alignment algorithm (MacVector; Thompson et al., 1994) (Fig. 3) . The majority of the clones, 22 of 37, or about 60%, retained the original VR length of 40 nt. Thirteen of 37, or 35% of the clones, acquired additional nucleotides, resulting in VR lengths ranging from 41 to 49 nt. The clones with unusually long VR often possessed homopolymeric stretch of A's (clones 53, 20) or C's (clone 39). Several clones also harbored runs of U's (clones 12, 46). The homopolymeric runs were probably due in part to the slippage synthesis by the Thermus aquaticus DNA polymerase during PCR (Burge et al., 1992) . Only two clones had shorter VR (39 nt), but no clones have a VR shorter than 39 nt. library. An initial library of PCR templates was made using three oligonucleotides. The Oligo 2a is 87-nt long and contains a 40-nt degenerate sequence (denoted by the wiggly line) flanked by two constant regions. The resulting library of PCR templates contains a T7 promoter that drives the synthesis of 87-nt RNA products. The restriction BamHI and HindIII sites were introduced for cloning purposes. The SphI restriction site was engineered to remove the CR2 segment from the RNA library in subsequent SELEX studies. The RNA templates consist of a 40-nt variable region (VR) flanked by an upstream 23nt constant region (CR1) and a downstream 24nt constant region (CR2). An estimated pool of 10 12 RNA species was used as the starting library in the SELEX procedure in this study.
Several sequence features emerged from the aptamer sequences. The first is the conservation of the last two nucleotides of the VR 3Ј end; 54% of the clones end in AU and 20% in CU. Likewise, at the 5Ј end of the VR, about 60% of the clones have the sequence YGTAGR, where Y is a pyrimidine and R is a purine. Among the eight groups, group A and B each contains the highest number of identical and most conserved sequences. Within group A, several clones contain a CU-UUUCGAAAAG palindrome. Group B also contains the consensus sequence among several clones. The other six groups all contain dispersed patches of different consensus sequences. These results suggest that NS5B can bind to several distinct classes of RNA sequences or structures. We found little or no sequence homology among the different groups of aptamers or between the aptamers and the HCV genomic and antigenomic RNA or the sequences in GenBank. We also found no sequence homology with the SELEX RNAs reported recently (Biroccio et al., 2002) .
Measurement of binding affinities of individual aptamers
We chose five different individual RNA for further binding characterization. The RNA aptamer R20-43, clone 43 from group A, and RNA aptamer R20-15, clone 15 from group B (Fig. 3) , were chosen since they belong to the groups having the highest sequence homology. R1-1 RNA, which binds poorly to NS5B, was an RNA clone picked randomly from the unselected SELEX library to be used as a weak binding control. For the purpose of comparison, two natural HCV RNA fragments, 98-nt X and the 239-nt 3ЈUTR (Ito and Lai, 1997; Oh et al., 2000) , were included in these studies. The latter two RNAs can serve as templates for NS5B (Oh et al., 2000) .
We first performed the dissociation kinetic assay using HCV RNA. The results showed that NS5B binds to the 3ЈUTR with a higher affinity than it does to the template X (Fig. 4A) . Surprisingly, X RNA binds with similar affinity to the un- Fig. 2 . Dissociation kinetic assay of complexes of NS5B and bulk RNA pools from various SELEX cycles. Y axis, the percentage of bound RNA in which the amount of bound RNA at the time of dilution was taken to be 100%. X axis, time in minutes after addition of cold competitor poly(U). One standard deviation is plotted. Each dissociation curve was obtained from three independent experimental assays.
selected R1-1 RNA ( Fig. 4A and B). Both of these RNA have an estimated T 50 of about 1 min, corresponding to a k d of ϳ10 Ϫ2 s Ϫ1 (Table 1 ). In contrast, R20-15 and R20-43 RNA aptamers had much higher binding affinities (Fig. 4B and C and Table 1 ). Two other aptamers, R20-54 from group D and R20-5 from group H, also had a k d comparable to that of R20-43 (data not shown). These results indicate that the aptamer RNAs bind NS5B with much higher affinities than the unselected random RNA or the X or 3ЈUTR RNA.
To examine the binding specificity of NS5B to the SELEX aptamers, two other RNA-binding polymerases, M-MLV and AMV reverse transcriptases, were tested. AMV RT binds to R1-1, R20-15, and R20-43 RNA with virtually identical affinity (Fig. 4D , data not shown for R20-15), suggesting that the SELEX aptamers, which were selected for the HCV NS5B, do not have enhanced binding affinity for the AMV RT. Similar results were obtained for M-MLV RT (data not shown). These results demonstrate that the SELEX aptamers bind specifically to HCV NS5B.
To determine whether CR1 and CR2 are important for the strong binding, we tested the binding of the VR only of R20-15. There was no detectable difference between R1-1 and the VR sequence alone of R20-15, both of which had a T 50 of 1-2 min (Table 1) . Thus, the high affinity of R20-15 binding to NS5B requires the constant CR1 and CR2 regions in addition to the selected VR region, probably for the formation of the correct structure necessary for optimal binding.
The SELEX aptamers interact with NS5B through its template-binding site X-ray structural studies revealed that NS5B protein has several basic patches in addition to the RNA templatebinding groove (Bressanelli et al., 1999) . The SELEX aptamers may interact with NS5B at its template-binding groove or at one of the basic patches. To determine the site of binding of the SELEX aptamer on NS5B, we performed the electrophoretic mobility shift assay (EMSA). The NS5B was incubated with a mixture of labeled X or 3ЈUTR RNA and increasing amounts of unlabeled SELEX RNA; the reaction mixtures were separated by native 4% PAGE. An aptamer will disrupt the complexes if it competes for the same binding site on NS5B. Since the HCV X and 3ЈUTR RNA can be used by NS5B as templates for RNA synthesis, at least a fraction of these RNAs is predicted to bind NS5B in the RNA-binding pocket of the enzyme. NS5B/3ЈUTR complex can be disrupted by an excess of R20-15 RNA (Fig. 5A) . At six-fold molar excess, R20-15 aptamer reduces the 3ЈUTR-NS5B complex to 27%. In contrast, R1-1 RNA disrupted the NS5B/3ЈUTR complex only slightly. Similar results were obtained for the complex of NS5B and labeled X RNA (Fig. 5B) . R20-15 RNA readily disrupted the X-NS5B complex at much lower amounts than R1-1 RNA. Conversely, complex of NS5B and R20-15 was highly stable and could only be disrupted by the cold R20-15 RNA, but not by the X RNA (Fig. 5D ). Furthermore, NS5B-R1-1 complex could easily be disrupted by either X or R20-15 RNA (Fig. 5C ). These findings, taken together with the observation that R20-15 RNA can be used as a template by NS5B (see below, Fig. 7B ), suggest that R20-15 most likely binds to the same binding pocket of NS5B as HCV X or 3ЈUTR RNA, but at a much stronger affinity. However, we cannot formally exclude the possibility that binding of these aptamers at a secondary site of NS5B may induce a conformational change to eject the native RNA from the template-binding pocket. In contrast to our results, the SELEX aptamers to HCV NS5B isolated recently by Biroccio and coworkers appear to bind to NS5B not at its template-binding site but rather at the basic patch near the C-terminus of NS5B (Biroccio et al., 2002) .
RNase footprinting revealed specific RNA motifs recognized by NS5B
To determine the NS5B-binding site on R20-15 and R20-43 RNA aptamers, RNase footprinting was carried out using single-strand-specific RNases (A and T1) and a double-strand (ds)-specific RNase V1. Comparison of the digestion patterns of free RNA or NS5B-RNA complex with RNase A or T1 or both revealed that NS5B protected a region that overlaps the CR1 and VR regions on both aptamers (Fig. 6A) . For R20-15, a 25-nt region, extending from 15th to 40th positions, with the first position being the 5Ј-end residue, was protected. A slightly larger NS5B-binding site on R20-43 RNA was observed, extending from 13th to 45th positions. The protected region includes the conserved YGUAGR motif, which resides at the CR1 and VR junction and is present on both of these RNAs. Treatment with the RNase V1 also showed a similar protected region on the RNA (Fig. 6A, lane V1) . In addition, binding of NS5B appeared to alter the secondary structure of RNA, as is evident by the enhanced digestion by V1 in the region near CR2 when NS5B was present. The best matched secondary structures predicted by the Mulfold computer program (Zuker, 1989) for the two RNA aptamers are shown in Fig. 6B . Both RNA possess three stem-loop structures that have identical 5Ј stem-loop and no free 3Ј end. NS5B binds to the region between the first and second stem-loops of both RNA, encompassing part of the loop as well as part of the stem. It is notable that NS5B does not protect the 3Ј end of these two aptamers. As controls, BSA and AMV reverse transcriptase did not give any footprints under the same reaction condition (data not shown), further supporting the binding specificity of NS5B to the aptamers.
Binding of the high-affinity RNA interferes with RNA synthesis by NS5B on its natural HCV RNA templates
Previous studies using homopolymeric RNA suggest that tight RNA binding is inhibitory to the NS5B polymerase activity (Lohmann et al., 1997) . We, therefore, examined whether NS5B could use the SELEX aptamers as templates for RNA synthesis, and whether the RNA aptamers could interfere with NS5B RdRp activity. NS5B was incubated with a mixture of RNA template and various concentrations of competitor RNA for RdRp assays. First, we tested whether NS5B was able to use the SELEX aptamers as templates for RNA synthesis. Both R20-43 and R20-15 aptamers yielded a major RNA product migrating just below the 81-nt RNA marker (Fig. 7A) . The weak binder R1-1 RNA also gave rise to a similar RNA product, indicating that the SELEX aptamers can serve as templates for RNA synthesis. However, the template activities of these aptamer RNAs were lower than both X and, particularly, 3ЈUTR RNA. Similar to the previous reports (Oh et al., 1999 (Oh et al., , 2000 , the X template gave rise to a major product migrating below the 81-nt RNA marker, and 3ЈUTR template produced many RNA products that range from 70 to over 500 nt, including the ladders at the UC-rich sequences. The nature and possible origins of these products have been previously discussed (Oh et al., 2000) .
Next, we investigated the effect of the SELEX aptamers on the ability of NS5B to synthesize RNA from the natural HCV RNA templates. Addition of an equal molar amount of R20-15 RNA resulted in over 90% reduction of RNA synthesis from the X template (Fig. 7B) . At 3 or 6 molar excess, the R20-15 aptamer completely inhibited NS5B RNA synthesis from the X template. Interestingly, the template activity of R20-15 itself was also reduced. The inhibition was not due to contaminants in the RNA preparation since R1-1 RNA, an RNA prepared in the same manner as other RNA aptamers, did not significantly inhibit NS5B RNA synthesis. Even at 6 molar excess of R1-1, 25% of RNA synthesis still occurred from the X template. Notably, RNA synthesis from the R1-1 template increased with increased RNA concentration. R20-15, but not R1-1, also inhibited RNA synthesis from the 3ЈUTR RNA template (Fig.  7C) . At higher concentrations, R20-43 aptamer also showed similar inhibition of RNA synthesis on the X and 3ЈUTR templates (data not shown).
Discussion
To ensure faithful transmission of genetic information, viral polymerases must be able to specifically replicate their own RNA while ignoring the vast numbers of cellular RNA. Using the SELEX strategy to isolate high-affinity RNA ligands to the HCV NS5B, we have demonstrated that NS5B does bind certain RNA selectively and tightly but not irreversibly. These aptamers are specific for NS5B, since they bind poorly to AMV and M-MLV reverse transcriptases. There is not a single common RNA sequence motif among the eight different groups of RNA aptamers, or between the aptamers identified in this study and those in the other study (Biroccio et al., 2002) , suggesting that NS5B can bind several different RNA motifs. The most noticeable consensus sequence observed among the RNA aptamers in our study is the YGUAGR (60% of the isolated aptamers) at the 5Ј end of the variable region and the A/UC (74%) at the 3Ј end of the variable region. Both are adjacent to the CR1 and CR2 constant sequences. In the absence of CR1 and CR2, the VR sequence containing the two conserved elements alone did not bind strongly to NS5B. Thus, the high-affinity apatmers isolated from our SELEX require the intermolecular interactions among the CR1, VR, and CR2 sequences to form optimal RNA structure for NS5B binding. The nature of these CR1 and CR2 sequences likely has played an important role in the final outcome of the selected aptamers.
Comparison of the primary sequences of various RNA aptamers to HCV genomic and antigenomic sequences yielded no statistically significant matches. This is in contrast to the SELEX RNA aptamers using T4 DNA polymerase (Brown et al., 1997) . The lack of HCV-like sequence among the aptamers suggests that other HCV proteins or host factors, or compartmentalization of HCV polymerase and RNA, are the specificity-determining factors of the HCV replicase machinery. This has been observed in many viral replications (Lai, 1998) . For instance, specific binding of the replicase to the RNA M-site and S-site on the Q␤ (ϩ)-strand RNA is mediated by the cofactor ribosomal protein S1 (Miranda et al., 1997) . Alternatively, in vitro SELEX, unlike genetic evolution, only maximizes affinity rather than demands biological fitness (Gold, 1995) . Hence, SELEX needs not produce RNA ligands with similar sequence to the natural specific RNA recognition motif of NS5B even if NS5B itself is the actual specificity-determining factor. Indeed, many reported SELEX studies have yielded nucleic acid ligands with no structural or sequence similarity to that of the naturally occurring site, with the selected ligands having much higher binding affinities. Such examples include the Q␤ replicase and the reverse transcriptases of AMV and M-MLV (Brown and Gold, 1995a; Chen and Gold, 1994) . Due to the practical constraint in our SELEX studies, we only sampled a very small subset (10 12 ) of the total number (10 24 ) of theoretically possible RNA sequences in the library. This could well be another reason for not observing any sequence homology between the aptamers and HCV sequence. It is interesting to note that HCV X and 3ЈUTR RNA themselves are weak binders. Thus, the NS5B-binding affinity may not be the major specificity-determining factors.
RNA structural motifs of SELEX aptamers
Several earlier SELEX studies reported the finding of selected RNA ligands having structural rather than sequence homology to the natural RNA-binding sites, such as a 32-nt contiguous specific RNA pseudoknot structure for the HIV-1 reverse transcriptase , a bulged structure preferred by the HIV-1 rev protein (Tuerk and MacDougal-Waugh, 1993) , and a hairpin structure similar to the coat protein binding site in the bacteriophage R17 genome (Schneider et al., 1992) . Structural analysis of the two most enriched aptamers, R20-15 and R20-43, revealed a three-stem-loop structure with internal bulges. While they share no primary sequence similarity to our aptamers, the aptamers with highest affinity to HCV NS5B recently identified by SELEX by Biroccio and co-workers also contain a stable stem-loop structure with an internal bulge. The R20-15 and R20-43 structures contain an identical 5Ј stemloop and no free 3Ј end, similar to the 3Ј-most X region of HCV RNA (Ito and Lai, 1997) (Fig. 6C) . Thus, it is conceivable that some common structural features exist between the strong-binding aptamers and the HCV RNA. However, the NS5B-binding sites on these RNA aptamers and X region are distinct: NS5B binds to X RNA at a region including the second and the third stem-loops from the 5Ј end (Oh et al., 2000) , and to R20-43 and R20-15 RNA at a region including the first and the second stem-loops (Fig.  6C) . Also, NS5B binds much more tightly to R20-43 and R20-15 aptamers than the X RNA.
The nature of interaction
The binary complexes of NS5B protein and SELEX aptamers are highly stable to dissociation. Several hours at 30°C are required for complete dissociation upon dilution with excess competitor RNA. In contrast, the free NS5B readily becomes inactive in minutes even when it is kept on ice. Therefore, interaction with nucleic acid likely stabilizes NS5B, as is the case with other polymerase enzymes (Arndt and Chamberlin, 1990) . Based on the assumption that k a , the association rate constant, is diffusion-limited (Hinkle and Chamberlin, 1972b ) and the k d , the dissociation rate constant, is a value obtained from the kinetic dissociation assay, we estimated the (Schneider et al., 1993) , 5 nM for the T4 DNA polymerase (Tuerk and Gold, 1990) , and 10 nM for HCV NS3 protease domain (Fukuda et al., 2000) . Using the same assumption, we obtained a K d of 120 nM for X RNA and NS5B. Oh et al. reported an estimated K d of 170 nM for NS5B-X interaction (Oh et al., 2000) , an affinity lower than that calculated for the PB1 influenza virus polymerase subunit and the viral complementary RNA (70 nM) (Gonzalez and Ortin, 1999) or Q␤ replicase to in vitro selected RNAs Fig. 6 . RNase footprinting analysis and predicted secondary RNA structure of aptamers. (A) RNase footprinting analysis. U, untreated; P, piperidine-treated RNA to give single nucleotide ladder; f, free RNA treated with RNases; c, complex of NS5B and RNA (4:1 protein to RNA molar ratio) treated with RNases A, T1, or V1 singly or in combination. The lengths of RNA fragments are denoted by the numbers on the left side of the gels. Dotted lines represent the region protected by NS5B from RNase digestion. (B) Predicted aptamer RNA secondary structure verified by RNase digestion pattern. Black dots, strong cut sites by RNase T1; gray dots, weak cut sites by RNase T1; black stars, strong cut sites by RNase A; gray stars, weak cut sites by RNase A. The three stem-loop modules are designated as SL I, SL II, and SL III. Numbers denote the length of RNA starting from the 5Ј end. The NS5B-protected region is highlighted in outlined letters. The conserved sequences at the 5Ј and 3Ј ends of the variable region VR are boxed in by dotted lines. The X structure with its proposed NS5B-binding site is included for comparison between the aptamers and X RNA.
(20 -30 nM) (Brown and Gold, 1995a) . The selected aptamers, in contrast, bind NS5B with affinities that were two orders of magnitude higher than that of the X RNA. It should be emphasized that the K d values calculated for our aptamers represent only estimates of binding affinities since the binding between NS5B and some aptamers is complex (not 1:1 stoichiometry) and cannot be accurately treated as a simple binary binding reaction.
NS5B binding appears to perturb the secondary structure of the aptamers, as is evident by the changes in the RNase V1 digest patterns. It is interesting to note that, in the SELEX studies both by us and by Biroccio et al. (2002) , NS5B binds strongly to an internal stem-loop structure rather than the 3Ј end, and yet it preferentially initiates RNA synthesis from the 3Ј end of RNA (Oh et al., 2000) . By gel shift studies, it was not possible to establish with certainty the binding stoichiometry of NS5B and the aptamers. However, NS5B-RNA aptamer complexes yielded two shifted bands in some gel-shift experiments (Fig. 5) , suggesting that more than one NS5B molecule binds to each aptamer. Oligomerization of polymerases has been shown to be important for poliovirus polymerase function (Hobson et al., 2001 ) and HCV NS5B (Qin et al., 2002; Wang et al., 2002) .
The binding of high-affinity RNA aptamers inhibits RNA synthesis of NS5B on the natural HCV RNA templates
In in vitro studies, we found that NS5B could use the SELEX aptamers as templates for RNA synthesis. However, when the aptamer RNA were used together with the natural HCV RNA, such as the X region, the aptamers acted as inhibitors of RNA synthesis. The degree of inhibition correlated with the binding affinity of the aptamer, suggesting that strong binding of RNA to NS5B restricts the movement of NS5B along the template. A number of high-affinity nucleic acid ligands isolated by SELEX have been shown to inhibit their target proteins, including Q␤ replicase, AMV reverse transcriptase, and HCV NS3 helicase, via this proposed mechanism (Brown and Gold, 1995b; Chen and Gold, 1994; Kumar et al., 1997) . Interestingly, the aptamers themselves can serve as templates for NS5B, but the template activities of the strong aptamers decrease with increasing concentrations of RNA, further suggesting that strong RNA Fig. 6 (continued) binding potentially interferes with the movement of polymerase on the template necessary for transcript elongation. It is also possible that the ratio of aptamer RNA and NS5B may affect the number of oligomeric NS5B molecules on each RNA molecule. RNA elements important for specific recognition for replication have been identified for a number of RNA viruses (Miranda et al., 1997; Sivakumaran et al., 1999; Teterina et al., 2001 ). However, for most viruses, specific initiation of viral RNA synthesis often involves protein cofactors other than the polymerase itself (Lai, 1998) . For HCV, the natural viral RNA binds to NS5B more weakly than the strong aptamers. Furthermore, many cellular proteins have been found to bind the 5Ј-and 3ЈUTR of HCV RNA. Thus, the specificity-determining factor for HCV RNA synthesis may not be NS5B-RNA binding. Nevertheless, the SELEX RNA isolated in this study should prove useful in the further characterization of the binding and enzymatic properties of NS5B and prove in principle that RNA aptamers may be used to inhibit viral RNA replication.
Materials and methods
Materials
Reagents were purchased from the following sources: Nickel-nitrilotriacetic acid (Ni-NTA) agarose, Qiagen Plasmid Purification Kit (Qiagen); [␣ 32 P] UTP and [␥ 32 P]GTP (NEN); HPLC-grade nucleoside triphosphates and glycogen (Pharmacia); RNase A, RNase T1, and T7 MEGAscript In Vitro Transcription Kit (Ambion); betaine (Sigma); oligonucleotides (USC/Norris Microchemical Core Facility); T7 RNA polymerase (Promega); Moloney murine leukemia Fig. 7 . NS5B RdRp assays using the SELEX RNA aptamers and natural HCV RNAs. (A) NS5B RdRp assays using SELEX RNA or various HCV RNA as single templates. The lengths of the RNA markers are numbered. (B) NS5B RdRp assay using a mixture of the X template and the R20-15 or R1-1 aptamer. (C) NS5B RdRp using a mixture of the 3ЈUTR and the R20-15 or R1-1 aptamer. Lanes 1, 3, 6 represent the molar ratios of SELEX RNA to X RNA. Only X or 3ЈUTR was present in the reaction in lane 0. (a) The major RNA product generated from the X template; (b) the major RNA product from the R1-1 template; (c) the major RNA product from the R20-15 template; (d) the major RNA product from the 3ЈUTR template. The percentages of inhibition of HCV RNA synthesis are shown at the bottom.
virus (M-MLV); and avian myeloblastosis virus (AMV) reverse transcriptases (Life Science).
Buffers TBE for gel electrophoresis contains 89 mM Tris-borate, pH 8.3, 2.5 mM EDTA. Formamide loading buffer (FLB) contains TBE, 0.05% xylene cyanol and bromphenol blue dyes, 10 mM EDTA, and 80% freshly deionized formamide. NS5B transcription buffer contains 40 mM TrisHCl, pH 8, 5 mM MgCl 2 , 10 mM ␤-mercaptoethanol (␤ME), 5% glycerol, 200 mM Betaine, 0.01% Tween 20, 10 g/ml acetylated bovine serum albumin. SELEX binding buffer (SBB) contains 40 mM Tris-HCl, pH 8, 5 mM MgCl 2 , 5% glycerol. PCR buffer contains 10 mM Tris-HCl, pH 8.3, 50 mM KCl, 2.5 mM MgCl 2 . Buffers for NS5B protein purification were prepared as follows: extraction buffer (EB) contains 10 mM Tris-HCl, pH 8, 50% glycerol, 10 mM ␤ME, 500 mM NaCl, 5 mM MgCl 2 , 2% Triton X-100, 10 mM imidazole, 130 g/ml hen egg white lysozyme, and 23 g/ml fresh phenylmethylsulfonyl fluoride, an inhibitor of serine proteases. Wash buffer NWB1 contains 10% glycerol, 50 mM sodium phosphate, pH 8, 10 mM ␤ME, 20 mM imidazole, 2M NaCl, 2% Nonidet NP-40. Buffer NWB2 is similar to buffer NWB1 except that it contains 1 M NaCl and 1% Nonidet NP-40. Buffer NWB3 is similar to buffer NWB1 except that it contains 100 mM NaCl and no NP-40. Buffer NEB is similar to buffer NWB3 except that it additionally contains 300 mM imidazole. Buffer P50 contains 40 mM potassium phosphate, pH 8, 1 mM dithiothreitol (DTT), 0.1 mM EDTA, and 50% glycerol. Buffer P50/50 is the same as buffer P50 except that it additionally contains 50 mM KCl. Buffer P50/250 is P50 with 250 mM KCl. Buffer 50/500 is P50 with 500 mM KCl.
Purification of HCV NS5B
The recombinant NS5B derived from NS5B NIH1b strain was purified from the E. coli strain BL21 using a modified protocol of Oh et al. (1999) . This full-length NS5B protein contains a tag of six histidines at the N-terminus. The cell lysate was prepared by sonication of the recombinant BL21 cells resuspended in buffer EB, followed by centrifugation at 30,000 g for 45 min at 4°C, and chromatographed on a Ni-NTA column as described previously (Oh et al., 1999) . This column was washed in succession with three different buffers: NWB1, NWB2, and NWB3, and finally the NS5B protein was eluted using buffer NEB. The eluted NS5B fraction was dialyzed against buffer P50 overnight at 4°C, and the dialyzed mixture was further purified by phosphocellulose chromatography (Uptain and Chamberlin, 1997) . The column was washed with P50 to remove contaminant proteins, followed by the P50/250 wash to remove additional contaminant proteins and truncated forms of NS5B. The full-length NS5B protein was then eluted from the column using the buffer P50/500. The fractions were stored at Ϫ80°C. The purified NS5B was Ͼ90% pure as estimated from SDS-PAGE and Coomassie blue R250 staining.
Preparation of RNA templates
The X region and the 3ЈUTR of HCV RNA derived from the HCV NIH 1b strain were prepared as described previously (Oh et al., 2000) . SELEX RNA were made using the T7 promoter-containing DNA templates under extensive synthesis condition using the reagents from the Ambion's T7 MEGAscript In Vitro Transcription Kit. For labeled RNA, the RNA was either body-labeled using [␣ 32 P]UTP or 5Ј end-labeled using [␥ 32 P]GTP. The initial SELEX RNA library was created using the SELEX PCR library, prepared from a large PCR reaction containing a combination of three oligonucleotides 1a, 2a, and 3a (Fig. 1) . The sequence of oligo 1a is as follows: 5Ј accgaagcttaata cgactcactatagggagctcagaataaacgctcaa, oligo 2a: 5Јgccggatccgggc ctcatgcatgcN 40 ttg agcgtttattctgagctccc, and oligo 3a: 5Јgccggatc-cgggcctcatgcatgc. The oligo 2a contained a stretch of 40 randomized nucleotides represented by N 40 in the sequence. PCR reactions were carried out for 25 cycles, each cycle consisting of three steps: 94°C 1 min, 53°C 1 min, and 72°C for 0.5 min. The RNA products of the expected size were purified by PAGE on a 7.5% acrylamide gel containing 8 M urea. RNA concentration was determined spectrophotometrically.
SELEX procedure
In Round 1, high-affinity RNA ligands were selected from a starting library of 10 12 unique species. This number was estimated from the quantity of the randomized oligo 2 sequences used in the first binding reaction. Binding was carried out in a 500-l reaction volume by mixing 100 pmol of purified NS5B with 2000 pmol of the labeled RNA (1200 cpm/pmol) in the SSB buffer at a final KCl concentration of 20 mM. The Ni-NTA resin slurry was equilibrated with SSB and the binding reaction mix was added to the washed resin and incubated at 30°C for 10 min. For achieving optimal binding of the His-tagged NS5B to the Ni-NTA resin, the mixture was pipetted every 2 min. The reaction resin was then washed three times with 1 ml SBB each time, and NS5B protein was eluted from the resin with 100 l SBB ϩ 2 M imidazole. The eluted mixture was extracted once with equilibrated phenol, and the bound RNA was precipitated by ethanol using 200 g/ml glycogen as carrier. The percentages of bound and unbound RNA were estimated by scintillation counting and the known radioactive specific activity of the labeled RNA. The bound RNA was converted into DNA by RT-PCR. For RT reaction, 4 M oligo 3a and the bound RNA mixture was incubated at 70°C for 5 min and placed on ice. Added to this mixture were 2 mM dNTP and 2 U/l M-MLV reverse transcriptase in the RT buffer, and the reaction was incubated at 42°C for 15 min, followed by 15 min at 70°C to inactivate the enzyme. Next, a PCR mixture containing 2 M oligo 1a and 2 mM dNTP and 2 U/100 l T. aquaticus DNA polymerase was combined with the RT reaction mixture and 25 cycles of PCR were done, each cycle consisting of 94°C incubation for 1 min, 53°C 1 min, and 72°C for 0.5 min. The PCR products were used for transcription by T7 RNA polymerase and the RNA products were purified as described above.
For subsequent SELEX cycles, 20 pmol NS5B and 200 pmol SELEX RNA were used in each cycle. The SELEX PCR DNA from cycle 20 was cloned into the pBluescript SK(Ϫ) vector via the HindIII and BamHI sites. Individual clones were isolated, and the SELEX cDNA sequences were determined by the USC Microchemical Core Facility.
Kinetic dissociation assay
An 80-l reaction mixture, containing 2 pmol of NS5B and 0.4 pmol labeled SELEX RNA in SBB at a final KCl concentration of 20 mM, was incubated at 30°C for 5 min. Unlabeled poly(U) RNA competitor (750 l 1 mg/ml) was then added to the reaction. At various time points, 100 l aliquots were removed and mixed with 1 ml SBB and filtered under gentle suction through nitrocellulose membranes presoaked in SBB. The membranes were air dried and counted in a scintillation counter. The resulting cpm represents the amount of NS5B/RNA complex. Assays were done in triplicate for each RNA sample and a dissociation curve, represented by percentage of complex versus time after dilution, was plotted. The filter-bound cpm at t ϭ 0 are defined as 100%. These data were applied to the equation for first-order rates of decay: ln(%bound) ϭ ln(%bound at start ϭ 100) Ϫ tk d . This equation can be rearranged to give k d ϭ 0.693/T 50 , where T 50 is the time required for 50% of the complexes to dissociate. Thus k d was determined from T 50 , a value obtained from the dissociation curve.
Gel shift assay
The NS5B-RNA complex was formed by incubating 1 pmol NS5B with 0.5 pmol labeled RNA in SBB and 20 mM KCl at 30°C for 5 min. The free RNA and NS5B RNA complex in the reaction were then resolved on a native 4% (39:1 acrylamide:bisacrylamide) PAGE in 1ϫ TBE (Fried and Crothers, 1984) . For competition studies, NS5B was added to a mixture containing labeled RNA and unlabeled competitor RNA present at one-, three-, and sixfold molar excess over the labeled RNA. The relative amounts of bound complex were determined by analysis of the Image Quant software (Molecular Dynamic PhosphoImager).
RNase footprinting assay
R20-15 and R20-43 RNA were labeled at their 5Ј-termini as described above. Free RNA (2 pmol) and NS5B/RNA complexes (12 pmol NS5B and 2 pmol RNA) in SBB and 200 mM KCl in 20 l reaction volume were digested by ribonucleases at 30°C for 1 min. Five separate digestions were done: RNase A (0.01 g/ml), RNase T1(10 U/l), RNase V1 (10 U/ml), RNase A (0.01 g/ml) plus RNase T1(10 U/l), and a combination of all three RNases. The reactions were stopped by phenol extraction, and the RNA products were recovered by ethanol precipitation using glycogen as carrier. Piperidine ladders of 5Ј-end-labeled RNA were generated by incubating 1 pmol 5Ј-end-labeled RNA plus carrier tRNA (0.3 mg/ml) in 20 l volume with 1% piperidine at 92°C for 2 min. The digested RNA products were resolved on a denaturing 8 M urea, 20% PAGE.
NS5B RdRp assay
In a standard 20 l reaction, 500 nM NS5B was incubated with 250 nM RNA template together with 5 M NTP, 1 l [␣ 32 P]UTP (3000 Ci/mmol), and 200 mM potassium glutamate in NS5B transcription buffer. To test for the inhibitory effect on the NS5B RpRd activity on the X or 3ЈUTR template, the SELEX RNA template was added in 1, 3, or 6 molar excess to that of the HCV RNA template. The reactions were incubated at 30°C for 2 h, and the RNA products were precipitated using ethanol in the presence of 0.5 mg/ml glycogen as a carrier. The precipitated pellet was dissolved in 7 l FLB, heated at 100°C for 3 min, and run on a denaturing 6% PAGE containing 8 M urea. The gel was dried and subjected to autoradiography. The RNA products formed were quantified using the Image Quant software (Molecular Dynamic PhosphoImager).
